Chromium (Cr) was concentrated as chromium spinel in the vanadium slag produced by pre-oxidizing vanadium-containing hot metal in Pan-steel in China. Due to the chromium-rich Hongge ores used, chromium concentration in this slag was much higher than that in common vanadium slags. To propose a process for effective Cr extraction from the slag, mechanisms of Cr oxidation in Pan-steel vanadium slag under sodium roasting conditions were studied experimentally and with thermodynamic simulations. Chromium slags without vanadium were synthesized in the laboratory to mimick mineralogical characteristics of Pan-steel vanadium slag and characterized by XRD, SEM/EDS and TG-DSC techniques. Conditions for Cr extraction from the chromium slag after sodium roasting by leaching with water were studied and optimized. Results showed that Cr spinel was encapsulated in the silicate phase. During sodium roasting, Cr spinel was oxidized and decomposed after oxidation and decomposition of the olivine phase. Sodium carbonate began to react with chromium oxide, which was produced by decomposition of Cr spinel, at 537°C and large amount of sodium chromate appeared after 800°C. However, multi-component liquid phase (mixture of Na2Cr2O4, Na2CrO4 and Na2CO3) was produced after 1 000°C, which suppressed the conversion of Cr(III) to Cr(VI) by inhibiting oxygen supply. A conversion about 90% was obtained when the chromium slag was roasted at 1 000°C for 2 h with Na2CO3 addition in stoichiometric ratio to total amount of Cr2O3 and SiO2. 96% of Cr in the leaching liquid was recovered as chromium sesquioxide in fine powder form and high purity by reducing and precipitating.
Introduction
Chromium is an important non-ferrous metal widely used in the metallurgical and chemical industries due to its particular properties including high thermostability, hardness and corrosion resistance. 1) Chromium exists mainly in chromite ores which is rare in China. However, Hongge ores, a titinomagnetite deposit in Panzhihua-Xichang area in China, containing titanium, vanadium and iron, are also relatively rich in chromium (0.2-0.8 mass%). When Hongge ores are smelted to extract vanadium and iron using the current technology in China Pan-Steel shown in Fig. 1 , the vanadium-containing hot metal is pre-oxidized to produce vanadium slag and semi-steel before poured into decarburization converter, chromium in the hot metal was also converted into spinel in vanadium slag. [2] [3] [4] Consequently, a new type of vanadium slag with high chromium content (8-20 mass%) is produced and represents a potential source of chromium. A problem is however the lack of effective chromium extraction method with high recovery percentage.
The commonly-used chromium extraction route based on chromite ores consists of salt roasting, water leaching, solution purification and crystallization or precipitation. 5, 6) Chromium has multiple oxidation states and various oxides including CrO, Cr2O3, CrO2, CrO3. 1) For the common vanadium slag, Cr2O3 combines with iron oxides to form chromium spinel and Cr(III) occupies the inner space of spinel crystals. 2, 4, 7) Laboratory studies and industry practice have both indicated that chromium spinel is readily oxidized to © 2012 ISIJ produce sodium chromate in sodium roasting process. 8, 9) During the chromium extraction process, the recovery rate is controlled by the salt roasting step in which chromium species in high valence states, such as sodium chromate, are produced. These compounds are readily soluble in the subsequent leaching step. Therefore, oxidation of chromite ores under sodium roasting conditions has been extensively studied in order to increase the chromium recovery.
6,10-13) Ji reported that Cr 3+ ions in the spinel crystal diffused away from the spinel lattice and were oxidized and then combind with sodium salt to form Na2CrO4 while rest ions in spinel lattice recombined with other metal oxides to form Mg(Fe, Al)2O4. 10) Vilas et al. believed that the binary Na2CrO4-Na2CO3 liquid phase influenced oxidation of chromite ores through hindering oxygen diffusion at high temperatures. 6) They also reported that high silica content in chromite ores leaded to low chromium conversion efficiency due to the fact that sodium silicate become liquid phase above 1 000°C, hindering chromium oxidation by oxygen, 13) which was consistent with the result reported by Antony et al. that gaseous diffusion was the controlling step above 900°C in sodium roasting process.
11) But Ji suggested that increasing temperature contributed to increasing chromium conversion efficiency due to the formation of sodium aluminum silicate with high melting point, thus prevented liquid formation and promoted oxygen diffusion. 10) This knowledge has resulted in optimized technologies for chromite roasting which include pelletizing and adding fillers except for calcium materials to increase chromium conversion and reduce environmental impact. [14] [15] [16] [17] Although the chromium in vanadium slag produced from Hongge ores was existed as spinel similar to that in chromite ores, the fact that vanadium slag has relatively low content of chromium and high content of silica when compared to chromite ores result in the difference in Cr extraction mechanism. In addition, discrepancies in oxidation mechamism of chromite ores in sodium roasting process and difference in physic-chemical properties between chromite and Cr-containing vanadium slag should not be ignored. Consequently, oxidation mechanism of chromium in this vanadium slag requires further investigation in order to obtain high chromium conversion efficiency. However, chromium and vanadium, both existing in the spinel phase, have similar oxidation behavior during roasting. In order to exclude vanadium interference and study chromium behavior separately, a chromium slag was synthesized to mimick the vanadium slag but without vanadium, considering the fact that oxidation mechanisms of vanadium spinel have been well studied by many researchers. 7, [18] [19] [20] [21] In addition, the conventional method for extracting sodium dichromate from chromium containing solution by crystallization was not suitable for chromium extraction from the solution obtained by leaching the roasted chromium slag due to its low chromium content. This work was therefore focused on especially the oxidation mechanism of chromium spinel, Cr2O3 was also extracted efficiently from the chromium slag through water-leaching followed by reduction and precipitation. The ultimate goal of this work was to develop an effective method to extract chromium from the vanadium slag.
Experimental

Synthesis and Characterization of Chromium Slag
Chromium slag samples were prepared to simulate mineralogical characteristics of the chromium spinels entrapped by silicate phase. Chemical compositions of slag samples were listed in Table 1 . 1# slag containing the ternary system of FeO, SiO 2 and Cr 2 O 3 was intended to simulate the simple system of FeCr 2 O 4 and Fe 2 SiO 4 in molar ratio of 1:1. In order to investigate the influence of other metal oxides on oxidation of Cr-spinels, 2# slag was synthesized and intended to simulate chromium-containing vanadium slag produced by smelting Hongge ore, the composition of which was obtained according to the material balance calculation based on reactions in the metallurgical process shown in Fig. 1 . In addition, MnO and MgO were added due to the oxidation of manganese in hot metal and lining erosion of converter, respectively. All raw materials used to synthesize these slags were of analytical reagent grade. Among them, FeC 2 O 4 ·2H 2 O and MnCO 3 were sources of FeO and MnO, respectively.
A 10 kW electric resistance furnace with a proportionalintegral-differential (PID) controller was employed as the experimental apparatus to synthesize chromium slags. Corundum crucibles with an inner diameter of 35 mm and a height of 100 mm were containers for the slag. A 100 g reagent mixture was heated to 1 500°C holding for 5 min to ensure homogeneity. The temperature was then lowered to 1 450°C and held for 3 h in argon atmosphere, after which the temperature was dropped to 900°C at the rate of about 5°C/min and then crucibles were taken out and cooled down to the room temperature in the air. Synthesized chromium slags were ground and screened through 74 μ m sieve and then characterized by powder X-ray diffraction analysis (XRD) and scanning electron microscopy (SEM) equipped with energy disperse X-ray spectrometry (EDS).
XRD and TG-DSC Analysis for Sodium Roasting
Process of Chromium Slag 1# slag sample was mixed with 42.6 wt% of Na 2 CO 3 (analytical reagent) thoroughly. The mixture was heated in electric resistance furnace to a set temperature for 2 h with door open to maintain oxidizing atmosphere. Then the mixture was taken out and cooled down to room temperature. Crystal phases in the mixture were characterized by XRD. Mixture of 14.83 mg was analyzed by thermal gravimetry (TG) and differential sanning calorimetry (DSC) with NETZSCH STA 449C Thermal Analyzer at the heating rate of 15°C/min in air with Al 2 O 3 as the reference sample.
Optimization of Sodium Roasting Process and
Chromium Extraction from Leaching Liquid The main experimental procedure for extracting chromium from the slag was shown in Fig. 1 . Slag samples of 5 g were mixed with a certain amount of Na2CO3 and heated in the electric resistance furnace to a predetermined temperature and held for a preset time. After cooling down to the room temperature, the mixtures were ground to powders (< 150 μ m). Then the powders were leached with distilled water of 90°C stirred by magnetic force to extract soluble chromate in liquid to solid ratio of 10:1 (ml: g). Solid residues were separated by filtration with an open-pore diameter of 1~6 μ m. After diluted into volumetric flask of 500 ml, chromium concentration in the leaching liquid was determined by the ammonium ferrous sulfate titration method. Conversion rate (η ) of sodium roasting process was defined as Eq. (1) Effects of roasting temperature, roasting time and addition amount of soda on the conversion rate were investigated by one-factor experimental designation. Optimization of chromium extraction from leaching liquids was also investigated. Leaching liquids with five different chromium concentrations were acidified by sulfuric acid and then NaHSO3 of analytical reagent grade was added in stoichiometric ratio to reduce Cr(VI) to Cr(III). Then the solution pH was adjusted by adding 1M NaOH to obtain maximum precipitation in the slurry. Precipitation was separated via filtration and then dried and calcined at 1 050°C for 2 h. Cr(VI) concentrations in pre-reduced solution and post-reduced solution were determined by titration method. Chromium concentration in post-reduced solution was below the detection limit of titration method. The solution was combined with extra NaHSO3 before discharge. Solution pH was determined with a Mettler Tolede pH meter. The recovery rate (ψ) of chromium in this step was defined as Eq. (2) Figure 2 displayed the XRD patterns of slag samples. 2# sample mainly consists of chromium-bearing spinel phases (i.e. (Fe, Mn, Mg)(Cr, Fe)2O4) and silicate phases (i.e. (Fe, Mn)2SiO4) while simple chromium spinels (FexCr3-xO4 (0 < x < 3)) and silicate phase (Fe2SiO4) formed in 1# sample. SEM images and EDS analysis of slag samples were showed in Fig. 3 and Table 2 , respectively. Both figures (Figs. 3(a) and 3(b) ) showed that grains in irregular morphology with sharp angles distributed dispersedly and bonded together at some circumstances in the binding phase. Combining with XRD and EDS analysis, these grains in Fig.  3 (a) were simple chromium spinel (shown as area A1) while grains in Fig. 3(b) were chromium spinels including magnesium and manganese with greater average diameter (shown as area B1, B2). Difference lies in that the binding phase was just olivine phase (Fe2SiO4) in 1# slag sample while olivine and pyroxene phases were in 2# slag sample. In addition, there were wüstite solid solution in the 2# slag sample according to the SEM and EDS analysis (shown as area B5).
Results and Discussion
Characterization of Chromium Slags
Oxidation Mechanism of Sodium Roasting Process
Reactions involved in the sodium roasting process are as following in reactions (3)- (12) . Changes with temperature in the standard Gibbs free energy of reactions (3)- (11) exclude reaction (8) were calculated by the FactSage 6.2 program and results were shown in Figs. 4(a) and 4(b). It showed that it was easier for oxidation and decomposition of Fe2SiO4 than FeCr2O4 which was restrained by increasing temperature more seriously, though they had the same change tendency with temperature. Once the decomposition and Na 2 CO 3 in presence of oxygen described as reaction (10), (11) and (12) XRD patterns of materials roasted at different temperatures were shown in Fig. 6 . It was observed that ferrous oxide in Fe 2 SiO 4 was oxidized to ferric oxide before When the temperature was above 900°C, sodium silicate appeared and its diffraction peak increased with increasing temperature. Ferric salts were also found at higher temperature and they promoted sodium chromates in low valence states to be oxidized to Na 2 CrO 4 according to the thermodynamic calculation. These results suggested that oxidation of FeCr 2 O 4 in sodium roasting process could be described as transformation from spinel phase to chromium oxide which reacted with sodium salt and was further oxidized to produce sodium chromate then. Figure 7 showed the TG-DSC curves of the mixture of 1# slag sample and Na 2 CO 3 . It was observed that the mass of mixture increased with increasing temperature in the range from 227°C to 658°C and the mass increment was 1.61%, while evaporation of the moisture in the mixture resulted in minor mass loss and endothermic effect from room temperature to 227°C. Meanwhile, the DSC curve showed that there were two exothermic peaks at 450°C and 537°C and two endothermic peaks at 485°C and 821°C. Combined with XRD results and thermodynamic calculation, exothermic peaks at 450°C and 537°C were attributed to the oxidation of Fe 2+ ions in olivine phase and chromium spinel phase, respectively. The decelerated oxidation of Fe 2+ ions in olivine and accelerated oxidation of Fe 2+ ions in spinel crystals resulted in the wave hollow at 485°C, which could not be regarded as an endothermic effect. The endothermic effect was intensified above 537°C indicating that the sodium carbonate began to be decomposed and react with chromium trioxide to produce Na 2 Cr 2 O 4 , which was consistent with the XRD result of roasted sample at 600°C (shown in Fig. 6 ). From 658°C to about 1 010°C, the mass loss increased rapidly, suggesting that the decomposition of Na 2 CO 3 was accelerated to produce Na 2 O and CO 2 according to the TG curve. Decomposition of Na 2 CO 3 was endothermic while the reaction of Na 2 O combining with chromium oxide to produce chromates in low valence states was exothermic which happened at the same time. In the range of 658°C to 821°C, the heat absorbed by Na 2 CO 3 decomposition was much higher than heat released by the latter combination reaction, extremely at 821°C, and decreased after 821°C until 1 010°C as shown in the DSC curve. When temperature was higher than 900°C, chromates in low valence states were oxidized to sodium chromate and remaining Na 2 O reacted with SiO 2 to form sodium silicate, both of which were exothermic reactions and decreased further slope values of tangents between 900°C to 1 010°C in DSC curve. These phenomena were consistent with XRD result of sample roasted at 700°C which displayed appearance of Na 2 Cr 2 O 4 and minor Na 4 CrO 4 and Na 2 Cr 2 O 4 was oxidized to Na 4 CrO 4 at 800°C and then completely to Na 2 CrO 4 at 1 000°C while Na 2 SiO 3 appeared above 900°C (as shown in Fig. 6 ). It also suggested that majority salts (melting point of Na 2 CrO 4 : 792°C, Na 2 CO 3 : 851°C, Na 2 Cr 2 O 4 : 827°C) in the mixture had been melted when the temperature reached to 821°C according to the sharpness of the endothermic peak at 821°C. According to results shown in Figs. 6 and 7, plenty of sodium chromate was generated and a little of sodium silicate and sodium ferrite were also produced. Gentle tendencies of changes shown both in DSC and TG curve suggested that the roasting reaction was gradually approached to the end above 1 010°C, which was caused by the appearance of more and more liquid phase (including sodium chromate, undecomposed sodium carbonate and other salts) restraining oxygen diffusion and thus reactions with oxygen. The mass loss of the whole procedure was about 11.66%, which was mainly attributed to superimposed effect of decomposition of Na 2 CO 3 and oxidation of Fe 2+ ions in the slag.
Cr 2 O 3 Extraction by Sodium Roasting-water
Leaching Effects of roasting temperature, time and Na 2 CO 3 addition amount on the conversion rate were investigated in the sodium roasting step. As shown in Fig. 8 , the conversion rate increased with increasing temperature and reached maximum of 50% at 950°C for 1# slag sample and nearly 90% at 1 000°C for 2# slag sample and then decreased at higher temperature. According to Fig. 4 , the thermodynamics of these reactions involving Cr-containing phases and sodium carbonate benefited from increasing temperature and the rate of oxidation was also increased due to promotion of oxygen diffusion, which was intensified by increasing temperature and appearance of liquid phases. However, the decrease in chromium concentration gradient at bound- aries of solid phases reacting with oxygen and the lack of sufficient oxygen, whose diffusion was hindered by the multi-component liquid phase (mixture of Na2Cr2O4, Na2CrO4 and Na2CO3), leading to the decrease in conversion rate at higher temperatures. 13) Combined with the XRD analysis, formation of sodium silicates consumed more sodium carbonate and restrained the oxidization of Cr-containing phases as well above 1 000°C.
The difference of conversion rate between 1# slag sample and 2# slag sample was mainly due to the different distribution status of chromium spinels in slag samples. From the micrographs of the slag samples (Figs. 3(a) and 3(b) ), it can be seen that chromium spinels distributed more dispersedly in binding olivine phase in 1# slag sample than that in 2# slag sample which was of lower chromium content. Since Na2CO3 was added in stoichiometric ratio to Cr2O3 and SiO2 content in slag samples, there was less amount of soda added in 2# slag sample. Thus the multi-component liquid was relatively less in roasted materials of 2# slag sample and the oxygen could diffuse to the reaction boundaries more easily to obtain higher conversion rate. In addition, larger diameters of chromium spinels in 2# slag sample also contributed to the higher conversion rate due to increasing the exponent probability of spinel crystals to oxygen for oxidization and decomposition.
Effects of Na2CO3 addition amount on chromium conversion rates of two slag samples were compared in Table 3 . It was shown that the conversion rate increased with increasing addition amount of Na2CO3. Na + ions could diffuse easily into the available vacant site to replace the divalent cations. The content of electronic cavity and vacant sites in spinel crystal lattice was thus increased due to the significant difference of ionic radius between Na + ions and Fe
2+
ions, which accelerated ion diffusion and thus spinel decomposition.
2) This catalytic effect was intensified with increased addition amount of Na 2 CO 3 , leading to higher conversion rate. However, it was also observed that during the experiment too much Na 2 CO 3 (data not shown) would intensify sintering and result in difficulty in taking out the roasted materials. This was due to that too much liquid phases, especially the Na 2 CO 3 -Na 2 CrO 4 eutectic, were produced and thus promoted the sintering phenomenon and finally hindered the oxygen diffusion, leading to lower conversion rate. Therefore the optimal addition amount of Na2CO3 was in stoichiometric ratio to the total amount of Cr2O3 and SiO2 in slag samples.
13)
The effect of roasting time on the conversion rate was shown in Fig. 9 . The conversion rate increased with increasing time and the change slope decreased after 1.5 h between duration of 1.5 to 2 h and ceased after 2 h. Combined with XRD and SEM analysis results, the roasting process of chromium slag could be described as the conversion from solidgas reaction at the early stage to solid-gas-liquid reaction later. Under the catalytic effect of Na + ions, Cr 3+ ions occupying in the octahedral sites of spinel crystal lattice began to form new Cr-O bond in the presence of Na2CO3 after the oxidization of Fe 2+ ions in the olivine phase. As the time went on, more and more Cr2O3 were generated and further to form Na2Cr2O4 which was easily oxidized to sodium chromate leading to the rapid increment in conversion rate. However, when roasting time increased further, the oxygen diffusion changed from the form of gas molecules passing through narrow pore channels in the solid phase to the form of O 2-anions diffusion in the liquid phase, which slowed down the reaction. Therefore, controlling the roasting time in 2 h was recommended to guarantee high conversion rate in this work.
The roasted material was leached by distilled water, followed by NaHSO3 reduction and precipitation. The Cr(VI) concentration in the filtrate was determined to monitor the reaction extent of reduction and precipitation by ammonium ferrous sulfate titration method. It was observed that few ammonium ferrous sulfate was consumed in the filtrate, which indicated that Cr(VI) in the acidified solution was almost completely reduced to Cr(III) by NaHSO3 as described by reactions (13) and (14) . The effect of precipitation pH on the recovery rate was shown in Fig. 10 . The recovery rate increased with increasing pH and decreased when pH exceeding 8.05. These results were related to prop- erties of Cr 3+ ions in solution such as hydrolyzation (reaction (15)), hydroxylation (reactions (16) , (17)) and oxygenation (reaction (18)), in which the hydroxyl bridge transformed to oxygen bridge. 22, 23) Higher pH value could facilitate the occurrence of reaction (15) and thus reaction (16) and (17) to produce Cr(OH)3, leading to increase in the recovery rate of chromium. However, Cr(OH)3 would gradually dissolve to produce CrO2 -in alkaline solution (pH > 8.05) as described by reaction (18) , leading to lower chromium recovery rate. This result indicated that controlling accurate solution pH can improve the recovery rate of chromium and also detoxification of Cr(VI) ions in solution.
According to the properties of chromium hydroxide, the calcination procedure can be described as reaction (19) . The photo and XRD pattern of calcined solids was shown in Fig.  11 . Figure 11(a) showed that the calcined solids were green powders with fine particle sizes and they were Cr 2 O 3 according to Fig. 11(b) . The lattice parameters were a = 4.935Å and c = 13.568Å calculated by JADE 5.0, which was in agreement with standard values of a = 4.961Å and c = 13.599Å. 24) The consistence proved the high purity of Cr2O3 obtained in this study.
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Conclusions
(1) Chromium spinel was encapsulated in the silicate phase in the chromium slag investigated in present study. Fe2SiO4 was oxidized and decomposed prior to the oxidation and decomposition of FeCr2O4 under sodium roasting conditions. Sodium carbonate began to react with chromium oxide at 537°C to produce chromate in low valence states and this reaction was accelerated above 658°C. Large amount of sodium chromate appeared after 800°C, which was generated by either the further oxidization of chromate in low valence states or reactions of chromium oxides combining with sodium silicate and sodium ferrite. The roasting reaction ended at 1 010°C due to the presence of a large amount of multi-component liquid phase inhibiting the oxygen diffusion and further oxidation.
(2) The sodium roasting process of chromium slag had been optimized. A chromium conversion rate about 90% was obtained while the chromium slag was roasted at 1 000°C for 2 h with Na2CO3 added in stoichiometric ratio to Cr2O3 and SiO2.
(3) Chromium extraction from the water-leaching liquid had also been optimized. Maximum precipitation was obtained by adjusting the filtrate pH to 7.75-8.25 after acidification and reduction. Thus chromium oxide in fine particle size and high purity with recovery rate of over 96% could be obtained by calcinating the precipitation at 1 050°C for 2 h. © 2012 ISIJ Universities of China (Grant No. CDJRC10130010). They are grateful to Prof. C.Q. Jia at University of Toronto, Canada for helpful suggestions during the paper preparation.
